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S e v e r a l  aboveground oil s h a l e  r e t o r t i n g  p r o c e s s e s  a r e  c h a r a c -  
t e r i z e d  by r a p i d  h e a t i n g  f o l l o w e d  by r e t o r t i n g  a t  e s s e n t i a l l y  i s o -  
t h e r m a l  c o n d i t i o n s .  The o b j e c t i v e  of t h i s  s t u d y  i s  t o  i n v e s t i g a t e  t h e  
r e t o r t i n g  k i n e t i c s  a p p l i c a b l e  t o  p r o c e s s e s  c h a r a c t e r i z e d  b o t h  by r a p i d  
h e a t i n g  of r e l a t i v e l y  small p a r t i c l e s  and by r a p i d  sweeping o f  t h e  
produced h y d r o c a r b o n  v a p o r s  o u t  of t h e  r e t o r t .  R a t h e r  s u r p r i s i n g l y ,  
a c c u r a t e  k i n e t i c s  f o r  t h e s e  c o n d i t i o n s  a r e  n o t  a v a i l a b l e  I n  t h e  
l i t e r a t u r e .  

b u t  have f a i l e d  t o  e l i m i n a t e  s i g n i f i c a n t  h e a t u p  e f f e c t s  i n  t he  mea- 
s u r e d  k i n e t i c s .  The i m p o r t a n t  i n v e s t i g a t i o n  by Hubbard and 
Robinson ( 1 )  i s  i n  t h i s  c a t e g o r y .  A t t empt s  were made t o  c o r r e c t  t h e  
Hubbard and Rob inson  da ta  f o r  t h e  h e a t u p  e f f e c t s  by Braun and 
Rothman ( 2 )  and J o h n s o n  e t  a l .  ( 3 ) .  A l l r e d  ( 4 )  took new i s o t h e r m a l  
da ta  wi th  i n c r e a s e d  a c c u r a c y ,  b u t  h i s  r e s u l t s  a l s o  s u f f e r e d  from 
i n t e r f e r i n g  h e a t - t r a n s f e r  dynamics.  Weitkamp and G u t b e r l e t  ( 5 )  used 
b o t h  i s o t h e r m a l  and n o n i s o t h e r m a l  t e c h n i q u e s  but  covered o n l y  low 
t e m p e r a t u r e s  and p r e s e n t e d  no k i n e t i c  model.  

complex i ty  of t h e  p roposed  k i n e t i c  models .  The works of F a u s e t t  
e t  a l .  ( 6 )  and Johnson  e t  a l .  ( 3 )  be long  i n  t h i s  c a t e g o r y .  A g o a l  of 
t h e  p r e s e n t  i n v e s t i g a t i o n  i s  t o  keep  t h e  model a s  s i m p l e  as p o s s i b l e .  

t h a t  b y  t h e  Lawrence L ive rmore  L a b o r a t o r y  (LLL) d e s c r i b e d  i n  Campbell 
e t  a l .  ( 7 )  and Campbel l  e t  a l .  ( 8 ) .  The LLL g r o u p  d e t e r m i n e d  r e t o r t -  
i n g  k i n e t i c s  by b o t h  i s o t h e r m a l  and n o n i s o t h e r m a l  e x p e r i m e n t s  w i t h  
r e a s o n a b l e  ag reemen t  between t h e  two a p p r o a c h e s .  However, the  LLL 
work was d i r e c t e d  toward i n - s i t u  r e t o r t i n g  where h e a t i n g  r a t e s  a r e  
i n h e r e n t l y  low. Low h e a t i n g  r a t e s  were found  t o  d e c r e a s e  t h e  011 
y i e l d  below F i s c h e r  Assay l e v e l s  by i n c r e a s i n g  coke f o r m a t i o n .  Fo r  
s m a l l  p a r t i c l e s ,  t h e  d e t r i m e n t a l  e f f e c t  o f  s low h e a t i n g  could  be 
e l i m i n a t e d  by  sweep ing  t h e  sample w i t h  an i n e r t  g a s  imp ly ing  t h a t  t h e  
c o k i n g  was a s s o c i a t e d  w i t h  ho ldup  i n  a l i q u i d  s t a t e .  Such cok ing  i s  
not  of i m p o r t a n c e  i n  t h e  p r e s e n t  i n v e s t i g a t i o n  where t h e  sample i s  
well s w e p t ,  and h e a t u p  r a t e s  a r e  t h r e e  o r d e r s  of magnitude h i g h e r  t h a n  
t y p i c a l  i n - s i t u  r a t e s .  

y i e l d  i s  t h a t  of F i s c h e r  Assay and t h a t  t h e  coke a s s o c i a t e d  w i t h  
F i s c h e r  Assay i s  s t o i c h i o m e t r i c a l l y  r e l a t e d  t o  t h e  ke rogen .  T h i s  
a s sumpt ion  may b e  a p p r o p r i a t e  f o r  i n - s i t u  r e t o r t i n g ,  b u t  i t  i s  not  
a p p l i c a b l e  t o  t h e  p r e s e n t  c o n d i t i o n s  where o i l  y i e l d s  h i g h e r  t h a n  
F i s c h e r  Assay are measu red .  C o n s e q u e n t l y ,  a n o t h e r  o b j e c t i v e  o f  t h i s  
work i s  t o  ex tend  the k i n e t i c s  of o i l  p r o d u c t i o n  beyond t h e  F i s c h e r  
Assay l i m i t .  

S e v e r a l  p r e v i o u s  i n v e s t i g a t o r s  have t a k e n  an i s o t h e r m a l  approach  

A f r e q u e n t  c h a r a c t e r i s t i c  of  p a s t  i n v e s t i g a t i o n s  i s  e x c e s s i v e  

O n e  p r e v i o u s  i n v e s t i g a t i o n  t h a t  d e s e r v e s  s p e c i a l  a t t e n t i o n  i s  

The LLL k i n e t i c  model p r e d i c t s  t h a t  t h e  maxiinurn a c h i e v a b l e  o i l  
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E x p e r i m e n t a l  Technique  - A b e n c h - s c a l e  f l u i d i z e d  bed r e a c t o r  
shown i n  F i g u r e  1 was used t o  r e t o r t  small samples  o f  o i l  s h a l e  p a r t i -  
c l e s .  The g l a s s  r e a c t o r  h e l d  a bed of i n e r t  s o l i d s  such  as g l a s s  
beads  o r  sand  t h a t  was c o n t i n u o u s l y  f l u i d i z e d  by a c o n t r o l l e d  f l o w  of 
he l ium or  any o t h e r  g a s .  A weighed sample of  s h a l e  i n  a n  amount no 
g r e a t e r  t h a n  2% o f  t h e  bed was dropped i n t o  t h e  p r e h e a t e d  r e a c t o r ,  
p roducing  a n e g l i g i b l e  d r o p  i n  bed t e m p e r a t u r e .  Heat t r a n s f e r  i n  the 
f l u i d i z e d  b e d  was v e r y  r a p i d ,  and t h e  v o l a t i l e  p r o d u c t s  were r a p i d l y  
Swept o u t  by the f l u i d i z i n g  g a s .  The  v a p o r  r e s i d e n c e  time i n  t h e  
reactor was t y p i c a l l y  3 seconds .  A small sample stream was d i v e r t e d  
t o  a flame i o n i z a t i o n  d e t e c t o r  (FID i n  F i g u r e  1). The FID produced  a 
S i g n a l  p r o p o r t i o n a l  t o  t h e  c o n c e n t r a t i o n  o f  t o t a l  h y d r o c a r b o n .  
Heteroatom c o n t e n t  of e v o l v e d  p r o d u c t s  was assumed c o n s t a n t  w i t h  
time. S i n c e  t h e  h y d r o c a r b o n  c o n c e n t r a t i o n  dropped t o  v e r y  low l e v e l s  
a t  t h e  end of t h e  r e t o r t i n g  r e a c t i o n ,  t h e  s e n s i t i v i t y  of t h e  d e t e c t o r  
had t o  be i n c r e a s e d  by a t  l e a s t  a f a c t o r  o f  t e n  as t h e  r e t o r t i n g  pro- 
g r e s s e d .  T h i s  i n c r e a s e d  s e n s i t i v i t y  made i t  p o s s i b l e  t o  r e c o r d  t h e  
f u l l  p r o d u c t - e v o l u t i o n  c u r v e  i n c l u d i n g  t h e  l o n g  " ta i l"  which c o n t a i n s  
i n f o r m a t i o n  on t h e  k i n e t i c s  a t  h i g h  c o n v e r s i o n  l e v e l s .  At tempts  were 
made t o  use  t h e  FID f o r  q u a n t i t a t i v e  d e t e r m i n a t i o n  of v o l a t i l e  hydro-  
carbon y i e l d s ,  b u t  t h e  r e s u l t s  were of i n s u f f i c i e n t  a c c u r a c y .  The 
area u n d e r  t h e  c u r v e  d i d ,  however, g i v e  a n  a p p r o x i m a t e  y i e l d  which was 
used as a n  e x p e r i m e n t a l  check.  

Oil and g a s  y i e l d s  were o b t a i n e d  from a n o t h e r  b r a n c h  of t h e  appa- 
r a t u s  shown i n  F i g u r e  1. The o i l  was condensed in a c o l d  t r a p ,  and 
t h e  g a s e s  were c o l l e c t e d  i n  a g a s  c y l i n d e r  by l i q u i d  d i s p l a c e m e n t .  
The amount of o i l  was d e t e r m i n e d  g r a v i m e t r i c a l l y ,  and t h e  amount of 
hydrocarbon g a s  was d e t e r m i n e d  from t h e  t o t a l  volume o f  gas c o l l e c t e d  
and the g a s  c o m p o s i t i o n .  The o i l  was r e c o v e r e d  by CS2 e x t r a c t i o n  and 
s u b j e c t e d  t o  GC a n a l y s i s ,  s t a n d a r d i z e d  a g a i n s t  n - p a r a f f i n s .  F i n a l l y ,  
t o  close t h e  h y d r o c a r b o n  b a l a n c e ,  t h e  e n t i r e  bed c o n s i s t i n g  of i n e r t  
p a r t i c l e s  and r e t o r t e d  sha le  was r e c o v e r e d  and i t s  h y d r o c a r b o n  c o n t e n t  
d e t e r m i n e d .  

The o i l  c o l l e c t i o n  t r a p  shown i n  F i g u r e  1 proved  t o  be a c r i t i c a l  
p a r t  of t h e  a p p a r a t u s .  The p r o d u c t  o i l  t e n d s  t o  form a s t a b l e  a e r o s o l  
making i t  d i f f i c u l t  t o  c o l l e c t .  T h i s  problem can b e  overcome by a 
t r a p  d e s i g n  where t h e  c o n d e n s a t i o n  o c c u r s  under  a s t e e p  thermal  g r a d i -  
e n t .  The i n s i d e  wall of t h e  c o l d  t r a p  was k e p t  a t  300'F w h i l e  t h e  
o p p o s i t e  wall was i n  c o n t a c t  w i t h  a b a t h  a t  5'F. A t h e r m a l l y  induced  
outward r a d i a l  f l o w  promoted f i l m  c o n d e n s a t i o n  on t h e  c o l d  wall. 
I n t e r e s t i n g l y ,  t h i s  d e s i g n  e l i m i n a t e d  a e r o s o l  f o r m a t i o n s  when u s i n g  
he l ium as t h e  f l u i d i z i n g  g a s ;  bu t  w i t h  h e a v i e r  g a s e s  s u c h  as  a r g o n ,  
n i t r o g e n ,  and e v e n  methane,  a e r o s o l  f o r m a t i o n  s t i l l  o c c u r r e d .  The 
c a u s e  of t h i s  e f f e c t  was n o t  i n v e s t i g a t e d ,  b u t  i t  c o u l d  b e  r e l a t e d  t o  
d i f f e r e n c e s  i n  c o n d u c t i v i t y  between t h e  gases. The s e l e c t e d  b a t h  
t e m p e r a t u r e  of 5'F proved  p r a c t i c a l  b e c a u s e  no b u t a n e s  condensed ,  and 
o n l y  a small p o r t i o n  of l i g h t  011 ( C 5 - C 7 )  was l o s t  t o  t h e  g a s .  
l i g h t  o i l  was a c c o u n t e d  f o r  by u s e  of t h e  g a s  a n a l y s i s .  

t e m p e r a t u r e s  r e q u i r i n g  l o n g  r e a c t i o n  t imes,  large amounts  of he l ium 
were n e c e s s a r y ;  and t h e  hydrocarbon p r o d u c t s  were i n  v e r y  low concen- 
t r a t i o n .  T h i s  d i f f i c u l t y  was overcome by r e c y c l i n g  the  gas b a c k  i n t o  
t h e  f l u i d i z e d  bed and t h e r e b y  a l l o w i n g  t h e  h y d r o c a r b o n  c o n c e n t r a t i o n  

T h i s  

Another  area of e x p e r i m e n t a l  d i f f i c u l t y  was gas a n a l y s i s .  A t  l o w  

71 



t o  b u i l d  up. Some 011 v a p o r  was u n d o u b t e d l y  r e c y c l e d  i n c r e a s i n g  t h e  
p o s s t b i l i  t y  of  thermal c r a c k i n g .  

from a s i n g l e  b u l k  sample  o f  Colorado  oil s h a l e  ( A n v i l  P o i n t  Mine, 
c o u r t e s y  of Development  E n g i n e e r i n g  I n c o r p o r a t e d  and t h e  U. S. 
Department  of E n e r g y ) .  The F i s c h e r  Assay oil y i e l d  was 10.5% (27.5 
g a l l o n s / t o n )  f o r  t h e  l a r g e r  p a r t i c l e s  and somewhat l o w e r  f o r  t h e  f i n e r  
s i z e  c u t s ,  f o r  example ,  10.15% f o r  100 !Jm p a r t i c l e s .  These  and a l l  
s u b s e q u e n t  p e r c e n t a g e s  r e p o r t e d  in t h i s  p a p e r  a r e  on a w e i g h t  basls.  

The s h a l e  s a m p l e s  used i n  t h i s  work were  o b t a i n e d  by s c r e e n i n g  

Y i e l d  R e s u l t s  - Exper iments  were conducted  t o  d e t e r m i n e  t h e  
e f f e c t  of  oil s h a l e  p a r t i c l e  s i z e  on p r o d u c t  y i e l d s  a t  930'F. The 
y i e l d s  o b t a i n e d  f o r  p a r t i c l e s  of  s i x  d i f f e r e n t  s i z e s  are compared w i t h  
F i s c h e r  Assay y i e l d s  in F i g u r e  2 .  I t  i s  a p p a r e n t  t h a t  oil y i e l d s  
h i g h e r  t h a n  F i s c h e r  Assay are  o b t a i n e d  f o r  small p a r t i c l e s ;  whereas  
l a r g e  p a r t i c l e s  p r o d u c e  F i s c h e r  Assay y i e l d .  The i n c r e m e n t a l  oil 
produced from small p a r t i c l e s  i s  b a l a n c e d  by a d e c r e a s e d  coke make 
w h i l e  t h e  gas make remains  c o n s t a n t .  The oil y i e l d  a p p e a r s  t o  have a 
l i m i t  a t  a b o u t  1 1 0 %  F i s c h e r  Assay, b u t  t h i s  may be e n t i r e l y  due t o  t h e  
l i m i t e d  r a n g e  o f  p a r t i c l e  s i z e s  i n v e s t i g a t e d .  I t  i s  p o s s i b l e  that  t h e  
oil y i e l d  would i n c r e a s e  f u r t h e r  f o r ,  say ,  10-LI or 1-!J p a r t i c l e s .  
However, p a r t i c l e s  of t h i s  s i z e  c o u l d  n o t  be  s t u d i e d  i n  t h e  a p p a r a t u s  
o f  t h i s  work. 

a change i n  t h e  oil c o m p o s i t i o n .  
p r o d u c t  oil i s  shown i n  F i g u r e  3. I n c r e a s e d  oil y i e l d s  are accompan- 
i e d  by i n c r e a s e d  heavy ends.  Hence, t h e  c o n c l u s i o n  i s  t h a t  t h e  i n c r e -  
m e n t a l  oil o b t a i n e d  from small p a r t i c l e s  i s  of h i g h e r  m o l e c u l a r  
weight .  

The e f f e c t  of r e t o r t i n g  t e m p e r a t u r e  on t h e  y i e l d s  o b t a i n e d  from 
0.4-mm p a r t i c l e s  and t h e  accompanying change i n  oil c o m p o s i t i o n  are 
shown i n  F i g u r e s  [I and 5. The i m p o r t a n t  f i n d i n g s  h e r e  a r e  t h a t  coke 
y i e l d  is u n a f f e c t e d  by r e t o r t i n g  t e m p e r a t u r e  and t h a t  oil y i e l d  is 
i n c r e a s e d  due  t o  d e c r e a s e d  g a s  make a t  t h e  lower t e m p e r a t u r e s .  T h i s  
second f i n d i n g  s u g g e s t s  d e c r e a s e d  c r a c k i n g  s i n c e  F i g u r e  5 shows t h a t  a 
l i g h t e r  oil p r o d u c t  i s  o b t a i n e d  a t  t h e  h i g h e r  t e m p e r a t u r e s .  It w i l l  
a l s o  be n o t e d  t h a t  t h e  d a t a  s e t  shown i n  F i g u r e  4 h a s  some " e x t r a "  
c r a c k i n g  in c o m p a r i s o n  w i t h  t h e  da ta  of F i g u r e  2. T h i s  i s  due t o  t h e  
f a c t  t h a t  t h e  r e s u l t s  of F i g u r e  4 were o b t a i n e d  i n  t h e  r e c y c l e  gas 
mode where r e c y c l i n g  o f  a small p o r t i o n  o f  t h e  oil o c c u r r e d .  I n  
g e n e r a l ,  t h e  g a s  make was found t o  be  v e r y  s e n s i t i v e  t o  equipment  
c o n d i t i o n s  s u c h  as t h e  t e m p e r a t u r e  o f  t h e  p r o d u c t  l i n e  l e a d i n g  t o  t h e  
c o n d e n s e r .  

!lot o n l y  do smaller p a r t i c l e s  produce  more oil, b u t  t h e r e  is a l s o  
The c o n c e n t r a t i o n  of C2g+ i n  t h e  

K i n e t i c  R e s u l t s  - The k i n e t i c  complement t o  t h e  y i e l d  r e s u l t s  
d i s c u s s e d  above was o b t a i n e d  from t h e  FID r e s p o n s e  c u r v e .  I n t e g r a t i o n  
of  t h i s  c u r v e  g a v e  t h e  f r a c t i o n a l  c o n v e r s i o n .  F i g u r e  6 shows t h e  
r e s u l t s  of t h e  p a r t i c l e - s i z e  e f f e c t  e x p e r i m e n t s  p l o t t e d  as t h e  
l o g a r i t h m  of t h e  
term hydrocarbon 
t h a t  t h e  r e s u l t s  
s i n c e  t h e  c u r v e s  
By comparing t h e  

f r a c t i o n  unconver ted  h y d r o c a r b o n  v e r s u s  t ime ( t h e  
i s  used h e r e  t o  d e n o t e  o r g a n i c  m a t t e r ) .  It  a p p e a r s  
c a n  be d e s c r i b e d  by a p a i r  o f  f i r s t - o r d e r  p r o c e s s e s  
c a n  b e  approximated  by two s t r a l g h t - l i n e  segments .  
s l o p e s  o f  t h e  two s e g m e n t s ,  t h e  r a t e s  of t h e  two 
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P r o c e s s e s  a r e  found t o  d i f f e r  by a f a c t o r  of t e n .  T h i s  i s  an  impor- 
t a n t  f i n d i n g  w i t h  consequences  f o r  t h e  r e t o r t i n g  model t o  b e  p roposed  
i n  a s u b s e q u e n t  s e c t i o n .  

The small d i f f e r e n c e s  between t h e  i n i t i a l  segments  of t h e  k i n e t i c  
c u r v e s  I s  due t o  d i f f e r e n c e s  i n  h e a t u p  time f o r  t h e  d i f f e r e n t  p a r t i c l e  
s i z e s .  However, h e a t u p  time i s  r e l a t i v e l y  u n i m p o r t a n t  even  f o r  t h e  
3-mm p a r t i c l e s  because  t h e  s t r a i g h t - l i n e  segment e x t r a p o l a t e s  t o  o n l y  
15 seconds  on t h e  t i m e  a x i s .  T h i s  " e x p e r i m e n t a l "  h e a t u p  t i m e  is  a b o u t  
what one would c a l c u l a t e  u s i n g  a h e a t  t r a n s f e r  c o e f f i c i e n t  of 500 
W/m2 oc . 
s l o p e  of  t h e  l a t t e r  segment of  the c u r v e  changes  f o r  p a r t i c l e s  of 
d i f f e r e n t  s i z e .  The p r o c e s s  c o r r e s p o n d i n g  t o  t h i s  segment a p p e a r s  t o  
be s lower  f o r  t h e  small p a r t i c l e s  t h a n  fo r  t h e  large ones .  T h i s  unex- 
p e c t e d  c h a r a c t e r i s t i c  i s  a t  f i r s t  s u r p r i s i n g .  I t  i s ,  however ,  a con- 
sequence  of t h e  d i f f e r e n t  y i e l d s  f o r  d i f f e r e n t  p a r t l c l e  s i z e s  shown i n  
F i g u r e  2. The y i e l d  d i f f e r e n c e s  do  n o t  e n t e r  t h e  k i n e t i c  r e s u l t s  of 
F i g u r e  6 because  t h e  o r d i n a t e  i s  no rma l i zed  by t h e  t o t a l  h y d r o c a r b o n  
e v o l v e d  ( t h i s  t y p e  of p l o t  i s  r e q u i r e d  f o r  d e t e r m i n a t i o n  of t h e  ra te  
c o n s t a n t s ) .  

The k i n e t i c  and y i e l d  d a t a  are combined i n  F i g u r e  7 f o r  t h e  
0.4-mm and 3-mm p a r t i c l e s .  T h i s  f i g u r e  shows t h a t  t h e  hydroca rbon  
e v o l u t i o n  i s  e s s e n t i a l l y  i n d e p e n d e n t  of p a r t i c l e  s i z e  up t o  100% 
F i s h e r  Asay o i l  y i e l d .  A t  t h i s  l e v e l  t h e  o i l  p r o d u c t i o n  s t o p s  f o r  
l a r g e  p a r t i c l e s ,  whereas it c o n t i n u e s  f o r  small p a r t i c l e s  a t  a reduced 
rate. 

The e f f e c t  of t e m p e r a t u r e  o n  t h e  r e t o r t i n g  k i n e t i c s  i s  shown i n  
F i g u r e  8 f o r  t h e  1-mm p a r t i c l e s .  Both p r o c e s s e s  r e spond  t o  tempera- 
t u r e  b u t  the fas t  one more so  t h a n  t h e  s low one .  

An i m p o r t a n t  f e a t u r e  of t h e  r e s u l t s  shown i n  F i g u r e  6 i s  t h a t  t h e  

T a b l e  I 

R e t o r t i n g  Rate E x p r e s s i o n s  

L i g h t  Hydrocarbon P r o d u c t i o n :  

Rate = fl .kl 'Co*e-klt  

Amount = f l * k l * C o - ( l  - e-klt) 

P r imary  Heavy O i l  P r o d u c t i o n :  

Rate = f * k  * C  . e - ( k 2 + k c ) t  

Amount = f 2  k2+k '2 

2 2 0  

co*[ l  - e - (k2  + k c ) t l  
C 

I n t r a p a r t i c l e  Coke P r o d u c t i o n :  

2 c c o  R a t e  = f * f  * k  * c  .,-(k2 + k c ) t  

Amount = f 2 ' f c  k2+k kc C o ' [ l  - e-(k2 + k c ) t ]  
C 

73 



R e t o r t i n g  Model - The combined k i n e t i c  and y i e l d  d a t a  can be 
c o r r e l a t e d  w i t h  t h e  r e t o r t i n g  model shown i n  F i g u r e  9.  Here kerogen 
decomposes i n t o  a " l i g h t "  hydroca rbon  p r o d u c t  and a heavy i n t e r m e d i a t e  
p r o d u c t ,  "bi tumen."  The l i g h t  p r o d u c t  I s  l a r g e l y  a vapor  a t  r e t o r t i n g  
c o n d i t i o n s  and i s ,  t h e r e f o r e ,  p roduced  r a p i d l y  w i t h o u t  s i g n i f i c a n t  
s econdary  r e a c t i o n s .  The b i tumen ,  on t h e  o t h e r  hand ,  i s  o f  h i g h  b o i l -  
i n g  range and r ema ins  i n  t h e  p a r t i c l e  f o r  s i g n i f i c a n t  p e r i o d s  of  
t i n e .  I t  becomes s u b j e c t  t o  two competing p r o c e s s e s :  (1) heavy o i l  
p r o d u c t i o n  and ( 2 )  i n t r a p a r t i c l e  ( l i q u i d - p h a s e )  cok ing .  The r e l e a s e d  
heavy o i l  i s  f u r t h e r  s u b j e c t e d  t o  t h e r m a l  c r a c k i n g  i n  t h e  vapor  phase 
s u r r o u n d i n g  t h e  p a r t i c l e s .  

F i r s t - o r d e r  r a t e  e x p r e s s i o n s  are  p roposed  i n  T a b l e  I f o r  t h e  
t h r e e  p r i n c i p a l  s t e p s :  l i g h t  hydroca rbon  p r o d u c t i o n  ( e q u a l s  kerogen 
d e c o m p o s i t i o n ) ,  prirriary heavy o i l  p r o d u c t i o n ,  and cok ing .  

which is  o b s e r v e d .  The f a s t  i n i t i a l  ra te  i s  gove rned  by t h e  ra te  
c o n s t a n t  kl ( f i r s t  o r d e r  i n  ke rogen  c o n c e n t r a t i o n ) .  The l a t t e r  slow 
rate  i s  governed by t h e  sum of t h e  two b i tumen  r e a c t i o n s ,  which are  
assumed f i r s t  o r d e r  i n  t h e  i n t r a p a r t i c l e  bi tumen c o n c e n t r a t i o n  and 
have r a t e  c o n s t a n t s  k2 and kc. A t  t h e  t e m p e r a t u r e s  o f  i n t e r e s t ,  kl i s  
much greater  t h a n  k2  + kc so t h a t  t h e  f i r s t  s t e p  of t h e  r e a c t i o n  goes  
v i r t u a l l y  t o  c o m p l e t i o n  b e f o r e  t h e r e  i s  any a p p r e c i a b l e  c o n v e r s i o n  of  
t h e  bi tumen.  

The model a c c o u n t s  f o r  t h e  d r a m a t i c  change i n  o i l  p r o d u c t i o n  r a t e  

P a r t i c l e  
S i z e ,  mm 

3 
2 

0.4 
1 

T a b l e  I1 

L i g h t  Hydrocarbon 
T o t a l  V o l a t i l e -  Y i e l d ,  % o f  L i g h t  Hydrocarbon 

Hydrocarbon Y i e l d ,  T o t a l  V o l a t i l e  Y i e l d ,  X o f  
% of Keropen Hydrocarbon Kerogen 

6 8 . 0  90 61.9 
70.0 a7 60.9 

74.4 83 61.8 
7 1 . 1  87 61.9 

Avg = 61.6 

L i g h t  Hydrocarbon F r a c t i o n ,  f l  

The " s t o i c h i o n e t r y "  o f  t h e  ke rogen  d e c o m p o s i t i o n  r e a c t i o n  is  
g i v e n  by t h e  p r o d u c t  f r a c t i o n s  f l ,  f 2 ,  and f w  i n  F i g u r e  9. The (H20, 
CO, C 0 2 )  f r a c t i o n  was set  e q u a l  t o  t h a t  o f  F i s c h e r  Assay because  t h e  
f r a c t i o n  of w a t e r  i n  t h e  l i q u l d  p r o d u c t  c o u l d  n o t  b e  e a s i l y  de t e rmined  
i n  t h e  y i e l d  e x p e r i m e n t s .  The l i g h t  h y d r o c a r b o n  f r a c t i o n ,  f l ,  was 
de te rmined  by  a c o m b i n a t i o n  of t h e  y i e l d  and t h e  k i n e t i c  d a t a .  The 
l i g h t  hydroca rbon  y i e l d  as a f r a c t i o n  o f  t o t a l  v o l a t i l e  hydroca rbon  
was o b t a i n e d  by e x t r a p o l a t i n g  t h e  s low r e a c t i o n  segments  of F i g u r e  6 
t o  z e r o  time and r e a d i n g  t h e  f r a c t i o n s  o f f  t h e  o r d i n a t e .  The r e s u l t s  
are shown i n  T a b l e  11. The v a l u e s  of f l  o b t a i n e d  f o r  t h e  f o u r  par- 
t i c l e  s i z e s  are  s u f f i c i e n t l y  c o n s t a n t  t o  j u s t i f y  a n  a v e r a g e  v a l u e  o f  
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61.6%.  The s t o i c h i o m e t r y  i s  i n d e p e n d e n t  o f  t e m p e r a t u r e  as shown i n  
F i g u r e  8 where a l l  t h e  s low r e a c t o r  s egmen t s  e x t r a p o l a t e  back  t o  
a p p r o x i m a t e l y  t h e  same p o l n t  on t h e  o r d i n a t e ,  namely 81% l i g h t  hydro- 
ca rbon .  The bi tumen f r a c t i o n ,  f 2 ,  i n  F i g u r e  9 i s  o b t a i n e d  by d i f f e r -  
ence  and e q u a l s  24%. Hence, f 2  i s  c o n s t a n t  w i t h  b o t h  p a r t i c l e  s i z e  
and t e m p e r a t u r e  a t  l eas t  i n  t h e  r ange  o f  900-1000°F. F i n a l l y ,  a r a t i o  
between coke and gas i n  t h e  c o k i n g  r e a c t i o n  of  8 0 : 2 0  was s e t  on t h e  
a s sumpt ion  t h a t  t h e  g a s  y i e l d  a t  800°F i n  F i g u r e  4 i s  the  r e s u l t  o f  
c o k i n g  a l o n e .  Campbell  e t  a l .  ( 8 )  used e s s e n t i a l l y  t h e  same coke-gas 
r a t i o  f o r  a similar r e a c t i o n  i n  t h e i r  r e a c t i o n  sequence.  

A second s o u r c e  o f  gas i s  vapor-phase c r a c k i n 5  of t h e  heavy o i l  
r e l e a s e d  from t h e  p a r t i c l e .  Crack ing  o f  t h e  l i g h t  hydroca rbon  f r a c -  
t i o n  is  a l so  p o s s i b l e ;  b u t  because  i t  o c c u r s  t o  a l e s s e r  e x t e n t ,  i t  
h a s  been assumed t o  be  ze ro .  Thy k i n e t i c s  o f  t h e  c r a c k i n g  r e a c t i o n  
l i e  o u t s i d e  t h e  scope  o f  t h e  p r e s e n t  i n v e s t i g a t i o n ,  b u t  t h i s  i m p o r t a n t  
r e a c t i o n  h a s  been s t u d i e d  by Burnhan and T a y l o r  (9). 

A t h i r d  s o u r c e  o f  gas i s  t h e  i n i t i a l  d e c o m p o s i t l o n  o f  ke rogen  
i t s e l f .  The c o n t r i b u t i o n  of e a c h  s t e p  c a n n o t  be d e t e r m i n e d  w i t h  t h e  
FID d e t e c t o r  because  i t  canno t  d i s t i n g u i s h  between g a s  and o i l .  

d i s a p p e a r a n c e  rate c o n s t a n t  ( k 2  + kc)  are o b t a i n e d  d i r e c t l y  as t h e  
s l o p e s  of t h e  two s t r a i g h t - l i n e  segmen t s  of F i g u r e s  6 and 8 ( and  s i m i -  
l a r  g r a p h s  f o r  t h e  o t h e r  p a r t i c l e  s i z e s ) .  F i g u r e  10 shows t h e  tem- 
p e r a t u r e  dependence o f  t h e s e  rate c o n s t a n t s .  
i s  independen t  of  p a r t i c l e  s i z e .  T h i s  i m p l i e s  t h a t  t h e r e  i s  no  s i g -  
n i f i c a n t  r e s i s t a n c e  t o  t h e  t r a n s p o r t  o f  l i g h t  h y d r o c a r b o n s  from t h e  
i n t e r i o r  o f  t h e  p a r t i c l e  i n t o  t h e  b u l k  o f  t h e  c a r r i e r  g a s .  T h i s  con- 
d i t i o n  i s  a consequence of t h e  h i g h  vapor  p r e s s u r e  o f  t h e  l i g h t  hydro-  
ca rbon  f r a c t i o n .  !3ecause of t h e  r a p i d  t r a n s p o r t  o u t  of t h e  p a r t i c l e ,  
t h i s  f r a c t i o n  has  no p o s s i b i l i t y  t o  coke.  The b i tumen ,  on t h e  o t h e r  
hand,  i s  viewed as a h i a h  b a i l i n g  l i q u l d  which can unde rgo  i n t r a -  
p a r t i c l e  cok ing .  
F i g u r e  10 s u g g e s t s  t h a t  a d i f f u s i o n a l  r e s i s t a n c e  may be  i m p o r t a n t  i n  
t h e  heavy o i l  p r o d u c t i o n  s t e p .  Also,  t h e  a c t i v a t i o n  ene rgy  f o r  t h e  
r e a c t l o n s  g o v e r n i n g  bi tumen d i s a p p e a r a n c e  is  o n l y  2 2 . 6  k c a l / m o l e  as 
compared t o  43.6 kca l /mole  f o r  t h e  ke rogen  d e c o m p o s i t i o n  r e a c t i o n .  

I n  o r d e r  t o  d e t e r m i n e  k2 and k, i n d i v i d u a l l y ,  t h e  k i n e t i c a l l y  
d e t e r m i n e d  v a l u e s  f o r  t h e  sum ( k 2  + kc)  must  be  used i n  c o n s o r t  w i th  
t h e  e x p r e s s i o n  f o r  t h e  coke y i e l d  0 . 8 ' f 2 ' k c / ( k 2 + k c ) .  The c a l c u l a t e d  
v a l u e s  o f  t h e  r a t i o  kc / (k2+kc)  t o g e t h e r  w i t h  t h e  k i n e t i c a l l y  o b t a i n e d  
v a l u e s  o f  ( k 2  + k,) a r e  g i v e n  i n  t h e  Appendix.  The r e s u l t i n g  k2  and 
k, v a l u e s  show some i n t e r e s t i n g  c h a r a c t e r i s t i c s :  k2 i s  i n d e p e n d e n t  of  
p a r t i c l e  s i z e  whereas  k, is  p r o p o r t i o n a l  t o  p a r t i c l e  s i z e .  Both have 
t h e  same t e m p e r a t u r e  dependence b e c a u s e  t h e  coke y i e l d  Is c o n s t a n t  
w i t h  t e m p e r a t u r e .  The t e m p e r a t u r e  dependence  and the p a r t i c l e  s i z e  
dependence of  k, are shown e x p l i c i t l y  i n  T a b l e  111. 

The ke rogen  decompos i t ion  ra te  c o n s t a n t ,  k l ,  and t h e  bi tumen 

It i s  a lso s e e n  t h a t  kl 

The p a r t i c l e  s i z e  dependence  of ( k 2  + kc) i n  
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T a b l e  111 

Rate C o n s t a n t s  (Min.-') 

Kerogen Decomposi t ion : 

) 
43.6 kca l /mole  kl  = 5.78.1012 e x p  (- - 

Heavy O i l  P r o d u c t i o n :  
k-, = 1 .8 - IO5  exn ( -  

R ' T  

) 
22.6 k c a l / m o l e  

c 
Coking: R'T 

kc = Ac'exp ( -  22.6 k c a l / m o l e  
R'T 

c - .... K 'I' Coking: 
kc = Ac'exp ( -  22.6 k c a l / m o l e  

R'T 

where A, P a r t i c l e  S i z e ,  mm 
1 8'10 3 
9'1O5 2 
5'105 1 
3.10~ 0.4 

D i s c u s s i o n  - A s  p a r t  o f  t h i s  i n v e s t i g a t i o n ,  models  d i f f e r e n t  from 
t h e  one proposed h e r e  were c o n s i d e r e d .  One s u c h  model of p a r t i c u l a r  
a p p e a l  i s  s imilar  i n  s t r u c t u r e  t o  t h e  one g i v e n  i n  F i g u r e  9 b u t  w i t h  a 
p u r e  d i f f u s i o n  p r o c e s s  f o r  t h e  heavy o i l  p r o d u c t i o n .  However, t h i s  
a l t e r n a t i v e  m o d e l  i s  i n c o m p a t i b l e  w i t h  some e x p e r i m e n t a l  f i n d i n g s :  It 
p r e d i c t s  l o w e r  coke  c o n c e n t r a t i o n s  on t h e  s u r f a c e  o f  t h e  p a r t i c l e  t h a n  
i n  t h e  i n t e r i o r ,  whereas mic roprobe  r e s u l t s  i n d i c a t e  a un i fo rm coke 
d i s t r i b u t i o n .  F u r t h e r ,  t h i s  d i f f u s i o n  model p r e d i c t s  z e r o  coke y i e l d  
f o r  i n f i n i t e l y  smal l  p a r t i c l e s ,  whereas  t h e  l i m i t e d  amount o f  d a t a  
a v a i l a b l e  f o r  small p a r t i c l e  s i z e s  s u g g e s t  a l e v e l i n g - o f f  of  t h e  coke 
y i e l d  below a p a r t i c l e  s i z e  of 0.4 mm. 

p a r t i c l e  s i z e  is a c c o u n t e d  f o r  i n  t h e  proposed model by comple t e  cok- 
i n g  o f  t h e  bi tumen f r a c t i o n .  The model p r e d i c t s  a coke y i e l d  of 19% 
of  t h e  ke rogen  when t h e  bi tumen i s  c o m p l e t e l y  coked well w i t h i n  
F i s c h e r  Assay r ange .  T h e r e f o r e ,  f l u i d  bed and F i s c h e r  Assay  r e t o r t i n g  
g i v e  d i f f e r e n t  y i e l d s  f o r  small p a r t i c l e s  o n l y .  The i n t e r p r e t a t i o n  o f  
t h i s  i s  t h a t  i n  a F i s c h e r  Assay r e t o r t  small p a r t i c l e s  p roduce  t h e  
same amount o f  coke  as large p a r t i c l e s  b e c a u s e  t h e r e  i s  no sweep g a s  
t o  f a c i l i t a t e  o i l  removal  from t h e  small p a r t i c l e s .  The f l u i d  b e d  
r e t o r t i n g  e x p e r i m e n t s  have  shown t h a t  a d d i t i o n a l  o i l  can indeed  be 
produced from small p a r t i c l e s .  

The p roposed  model  can be  compared w i t h  b o t h  the model of 
A l l r e d  ( 4 )  and t h a t  of Campbell  e t  a l .  ( 8 ) .  A l l r e d ' s  model d o e s  no t  
have  t h e  f e a t u r e  o f  compe t ing  p a r a l l e l  r e a c t i o n s  t h a t  i s  e s s e n t i a l  t o  
t h e  r e t o r t i n g  model p roposed  h e r e .  I t  d o e s ,  however,  have  t h e  i n t e r -  
med ia t e  p r o d u c t  b i t u m e n  which r e a c h e s  a maximum l e v e l  almost i d e n t i c a l  
t o  t h e  one i n  t h i s  work. A l l r e d  p o s t u l a t e s  t h a t  a l l  ke rogen  decom- 
poses  i n t o  b i tumen ,  whereas  bi tumen i n  t h e  p r e s e n t  work i s  t h e  remain- 
d e r  of the  ke rogen  a f t e r  t h e  l i g h t  hydroca rbon  f r a c t i o n  h a s  been  
s t r i p p e d  off  . 

"here are  some i n t e r e s t i n g  s imi la r i t i es  and c o n t r a s t s  between t h e  
P r e s e n t  model and t h e  Lawrence Livermore L a b o r a t o r y  (LLL) model of 
Campbell e t  a1.(8)  The a c t i v a t i o n  ene rgy  of  t h e  i n i t i a l  d e c o m p o s i t i o n  

The approach  t o  F i s c h e r  Assay y i e l d  s t r u c t u r e  w i t h  i n c r e a s i n g  
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i s  similar i n  b o t h  models ,  48-54 k c a l / m o l e  i n  t h e  c a s e  of  LLL and 
4 4  kcal /mole h e r e .  
t h e  ke rogen  d e c o m p o s i t i o n  by LLL; whereas ,  h e r e  i t  i s  one  of s e v e r a l  
decompos i t ion  p r o d u c t s .  Coking s t e p s  are i n c l u d e d  i n  b o t h  models ,  b u t  
t h e  material i n v o l v e d  is  d i f f e r e n t .  The c o k i n g  k i n e t i c s  a c c o u n t e d  f o r  
by LLL o n l y  a p p l y  t o  t h e  l i g h t  hydroca rbon  of  t h e  p r e s e n t  model ,  and 
t h i s  c o k i n g  r e a c t i o n  d o e s  n o t  o c c u r  h e r e  b e c a u s e  of t h e  h i g h  h e a t i n g  
r a t e  and t h e  sweep g a s .  The c o k i n g  c o n s i d e r e d  i n  t h e  p r e s e n t  model 
i n v o l v e s  t h e  i n t e r m e d i a t e  bi tumen p r o d u c t  and t h e  c o k i n g  ra te  depends 
on p a r t i c l e  s i z e .  Small p a r t i c l e s  p roduce  less c o k i n g  and; conse-  
q u e n t l y ,  o i l  y i e l d s  h i g h e r  t han  F i s c h e r  Assay. 

o i l  p r o d u c t i o n  regime.  C a l c u l a t i n g  a ra te  c o n s t a n t  f o r  t h i s  s low 
p r o d u c t i o n  regime a t  856OF from t h e  r e s u l t s  o f  t h e  l a t t e r  inves t iga-  
t o r s  g i v e s  a v a l u e  of 0.12  rnin.-l i d e n t i c a l  t o  ( k  

A p r a c t i c a l  i m p l i c a t i o n  of t h e  r e s u l t s  of th&i work is t h a t  
F i s c h e r  Assay y i e l d  i s  p robab ly  a p r a c t i c a l  uppe r  l i m i t  f o r  any  
r e t o r t i n g  p r o c e s s .  T h i s  work has  shown t h a t  a v e r y  small p a r t i c l e  
s i z e  i n c r e a s e s  o i l  y i e l d  and d e c r e a s e s  coke y i e l d ,  b u t  l o n g  r e a c t i o n  
times are n e c e s s a r y .  Low coke y i e l d s  may n o t  be  d e s i r a b l e  from over-  
a l l  h e a t  b a l a n c e  c o n s i d e r a t i o n s  i f  t h e  coke  i s  t o  be used as an  ene rgy  
s o u r c e  for t h e  p r o c e s s .  Lowering t h e  t e m p e r a t u r e  a l s o  i n c r e a s e s  oil 
y i e l d  bu t  a t  t h e  expense  of the g a s  y i e l d  and w i t h  t h e  r e q u i r e m e n t  of 
l o n g  r e a c t i o n  times. V e r y  sma l l  p a r t i c l e  s i z e s  a r e  uneconomical  
because  o f  h i g h  g r i n d i n g  c o s t s ,  and low p r o c e s s i n g  t e m p e r a t u r e s  a r e  
uneconomical  b e c a u s e  o f  t h e  l a r g e  r e a c t o r  volumes r e q u i r e d .  

T h i s  work h a s  added to  the u n d e r s t a n d i n g  of  t h e  v e r y  complex 
phenomena o c c u r r i n g  d u r i n g  oil s h a l e  r e t o r t i n g .  The s i m p l e  r e t o r t i n g  
model w i l l  be u s e f u l  i n  modeling p r o d u c t  y i e l d s  from r e t o r t i n g  pro- 
c e s s e s  h a n d l i n g  small s i z e  pa r t i c l e s  a t  h i g h  r e t o r t i n g  rates. 
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FIGURE P 
PROPOSED RETORTING MODEL 
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F IGURE IO 
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